In this work, we prepared LaSrGa 1−x Mg x O 4−δ with the K 2 NiF 4 -type layered perovskite structure and then investigated the electrical conduction property and the crystal structure. From the conductivity measurements, it was indicated that LaSrGaO 4 exhibited oxide-ion conduction by substituting Mg for Ga partially, but the conductivity of the substituted sample was lower than those of LaGaO 3 -based materials reported previously. In order to clarify the reason of the lower conductivity, we performed the Rietveld and Pair Distribution Function (PDF) analyses using neutron scattering data, and also carried out first principle calculation as a theoretical approach. As a result, it was indicated the material had a two-dimensional oxide-ion conduction pathway and the oxygen vacancy tended to be localized at the corner sharing position of GaO 6 within the perovskite layer. In addition, it was suggested that the low ionic conductivity in the LaSrGaO 4 -based materials were caused by a large distortion around the defect and a large repulsive force between the oxygen vacancy and La
Introduction
As a new and clean energy source, solid oxide fuel cell (SOFC) has drawn much attention and has been widely investigated in recent decades. In order to expand its applications to many electronic devices and vehicles, it is expected to reduce the operating temperature to the intermediate range, i.e. 500600°C. For the purpose of this, it must be necessary to develop a novel solid electrolyte with high ionic conductivity even at the temperature range. As the candidate, (La,Sr)(Ga,Mg)O 3¹D with the provskite structure is the most well-known electrolyte due to its high ionic conductivity and has been regarded to be promising. 110 In recent years, however, some works reported that other gallate-based materials with layered structures, such as LaSrGa 3 O 7 1113 and LaBaGaO 4 , 1417 also exhibited high ionic conductivities. Taking these recent works into account, it can be considered as necessary to investigate La 2 O 3 -MO-Ga 2 O 3 compounds (M: alkaline-earth metal) in more detail, in order to discover a novel electrolyte with higher ionic conductivity.
From such background, we focused on LaSrGaO 4 with the K 2 NiF 4 -type layered perovskite structure. Based on some literatures on RE 2 NiO 4 (RE: Rare earth element) with the same structure, 1820 it is expected to show oxide-ion conduction via interstitial sites by a replacement of the host cation by higher-valent element, so-called donor doping, but unfortunately such a replacement could not be carried out successfully at least so far. Thus, we started to study on an acceptor-doped LaSrGaO 4 , i.e. LaSrGa 1¹x Mg x O 4¹D in this work. As for this material, we investigated the electrical conduction property by an AC impedance method. In addition, we investigated their crystal structures in detail by using neutron scattering data, because some previous reports demonstrated significance of structure analyses to understand ionic transport property.
9,13,1619,21,22 As a theoretical approach, we also carried out first principle calculation. Based on these results, we discussed a relationship among the conduction property and crystal structures in the LaSrGaO 4 -based material.
Experimental and Calculation Method

Characterization
LaSrGa 1¹x Mg x O 4¹D (x = 00.10) were synthesized by a conventional solid-state method using La 2 O 3 , SrCO 3 , Ga 2 O 3 , and MgO as starting materials. The mixtures were calcined at 14731573 K for 12 h in air with an intermediate grinding, and then sintered at 1623 K for 12 h in air. Phases of the prepared samples were identified by X-ray diffraction measurement (X'Pert Pro, PANanlytical), and densities of the sintered pellets were evaluated based on the Archimedes' principle. Conductivities of the pellets were measured at 6731023 K in O 2 oxidizing and Ar reducing conditions by an AC impedance method (3532-50, HIOKI). In the case of LaBaGaO 4 , it was reported that this materials exhibited protonic conduction at the temperature range.
1417 Therefore, in the measurements, partial pressures of H 2 O (P H2O ) were controlled by bubbling O 2 or Ar through H 2 O at 303.0 K, where P H2O was 4.2 kPa. We also evaluated an H/D isotope effect on conductivity using D 2 O at 305.4 K instead of H 2 O.
Crystal structure
We measured neutron scattering patterns of LaSrGa 1¹x Mg x O 4¹D at room temperature with HIPPO installed at LANSCE, USA. The obtained data were analyzed by the Rietveld method using GSAS program. In the analyses, we used the data corrected at the backscattering bank, and assumed a space group of the crystal structure as I4/mmm. 19 These results were visualized by VESTA. 23 Hereafter, these studies are denoted as "average structure analyses".
In addition to the above analyses, a local structure around the oxygen vacancy was estimated using neutron scattering data measured by HIPPO, based on the Pair Distribution Function (PDF) theory. 22, 24, 25 The scattering data were transformed to PDF functions, G(r), under a condition that Q max was set to 21 ¡ ¹1 by PDFgetN, 26 and the G(r) spectra were interpreted based on results of first principle calculation mentioned below.
First principle calculation
We performed first principle calculation using Vienna ab initio Simulation Package (VASP). 27, 28 In the calculation, an electron-ion interaction was represented by the projector augmented wave (PAW) method 29 with plane waves up to an energy of 500 eV, and the generalized gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE) 30 was utilized as the exchange and correlation function. As an initial step, lattice constants and internal atomic position of LaSrGaO 4 with some different cation orderings®distributions of La and Sr®were relaxed under the condition of residual force below 0.02 eV·¡ ¹1 , selecting a k point mesh of the Brillouin zone sampling as 3 © 3 © 3. The initial structure cells before the calculation were constructed based on the result of the Rietveld analysis using the neutron diffraction pattern, and the cell sizes were 0.765812 nm © 0.765812 nm © 1.26512 nm, comprised of La 8 Sr 8 -Ga 8 O 32 . By using the optimized cells for the LaSrGaO 4 , structure models with an oxygen vacancy at various sites were constructed. In these calculations, an effective charge of the defect was compensated by adopting an uniform background charge, and the other conditions were the same as described above. From the results, we simulated G(r) of LaSrGaO 4 with an oxygen vacancy by PDFFIT program, 31 and then compared the simulated spectra with the experimentally-observed spectra. Figure 1 shows X-ray diffraction patterns of LaSrGa 1¹x Mg x O 4¹D synthesized in this work, and Table 1 lists calculated lattice parameters. As shown in this figure and table, LaSrGaO 4 without a Mg substitution had a single phase of the K 2 NiF 4 -type layered structure, and the a-axis length became larger by the Mg partial substitution. Such a change in the parameters is considered to reflect a difference in the ionic radii between Ga 3+ and Mg
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2+
. 32 In the case of Mg-substituted specimens, however, LaSrGa 3 O 7 was observed slightly as an impurity phase. These results indicate that the solubility limit of Mg for the material is below 3 mol%. From the density measurements of the sintered compacts, it was confirmed that their relative densities were above 94% of the theoretical values in the solid solution range. Figure 2 presents conductivities of the samples under O 2 and Ar atmosphere moisturized with H 2 O. It was demonstrated that Mgsubstituted samples showed much higher conductivity than unsubstituted one. It was also found that the conductivity under the Ar condition was essentially equal to that under the O 2 condition in the case of the Mg-substituted specimen. In addition, conductivity measurements under the D 2 O condition revealed that conductivity ratios of ·(D 2 O/O 2 ) to ·(H 2 O/O 2 ) were below 1.1 around 500°C in the Mg-substituted specimens and were much lower than a theoretical value for a pure protonic conductor. From these results, it could be considered that LaSrGaO 4 began to exhibit predominant oxide-ion conduction by the partial substitution of Mg for Ga due to an oxygen-vacancy introduction expressed as below:
in which Mg 
Log ( conductivity / S·cm Taking this into account, it can be regarded as important to focus on a basicity of an oxide in order to discover a novel oxide-ion conductor.
Average structure
In order to investigate crystal structures of the LaSrGa 1¹x -Mg x O 4¹D in more detail, we carried out a neutron diffraction experiment of the sample with x = 0.03 at room temperature and then performed the Rietveld analysis. In the analysis, the space group was assumed to be I4/mmm, according to a previous work on the K 2 NiF 4 -type oxides, 19 and anisotropies of atomic displacement parameters were investigated. Figure 3 and Table 2 shows the Rietveld refinement pattern and the refined structure parameters. The refined crystal structure is also depicted in Fig. 4 . In the analysis, some diffraction peaks due to an impurity phase were observed at d = 0.24 and 0.30 nm, but the Rieveld refinement was successfully carried out. From the refined site occupancies, it was demonstrated that oxygen at the O1 site tended to be deficit in this material. In other words, an effective negative charge of Mg 2+ at the Ga 3+ site was compensated by an effective positive charge of an oxygen vacancy within the perovskite layer. However, because the refined deficit amount was considerably small, a defect structure of this sample is discussed again from the viewpoint of a local structure in the subsection of 3.3.
The analytical result also demonstrated that oxygens in the sample had anisotropic displacement even at room temperature, and the direction for the O1 site was perpendicular to the perovskite layer whereas that for the O2 site was parallel to the perovskite layer. This result indicates that an oxide ion conducts through the perovskite layer from one oxygen site to another. Considering this, it can be concluded that the LaSrGa 1¹x Mg x O 4¹D has the twodimensional diffusion pathway of the oxide ion. As shown in Fig. 2 , the conductivities of the LaSrGa 1¹x Mg x O 4¹D were lower than those of LaGaO 3 -based electrolytes which has three-dimensional diffusion route. 9 Therefore, the anisotropy of the crystal structure of the LaSrGaO 4 may deteriorate oxide-ion conductivity.
Local structure
As mentioned above, a defect structure of a LaSrGaO 4 -based material could not be understood well only by the average structure Electrochemistry, 81(6), 448453 (2013) analysis, at least in this work. Therefore, we tried to clarify the structure in detail based on the pair distribution function theory, which is a kind of local structure analyses. 22, 24, 25 Then, the neutron scattering patterns of LaSrGaO 4 and LaSrGa 0.97 Mg 0.03 O 4¹D were converted to the reduced pair distribution functions, G(r), and the results are given in Fig. 5 . From this figure, it was found that there were differences between the spectra around 2.3 and 4.3 ¡. Such a change must be originated from a defect structure of the Mg-doped sample, but it is considerably difficult to obtain structural information around defects only from the spectra. Therefore, we performed first principle calculations on the LaSrGaO 4 -based material, and then discussed the defect structure below.
In the case of a local structure analysis, we can deal with each constituent atom individually. On the other hand, the Rietveld analysis described above enabled us to obtain only average information of La and Sr, because of these cations occupied the same site (Table 2) . Therefore, firstly, we tried to determine an appropriate model of a local arrangement of La and Sr in the crystal. Four arrangement models assumed in this work are presented in Fig. 6 . In a model denoted as "Line 1", both La and Sr are arrayed in lines alternately, along with the b-axis. These lines are along with a diagonal line of the ab plane as for a model of "Line 2". In the case of a "Layer" model, a plane composed of La and that of Sr are stacked alternately toward the c-axis direction. The last model has a random distribution of La and Sr, named as "Random". Energies after structure relaxations for these models are listed in Table 3 . As shown in this table, the energy of the "Line 1" model was much lower than those of the "Line 2" and "Layer" models. Because the energy of the "Random" model seems dependent on the initial arrangements, an energy difference between the "Random" and "Line 1" models might be not significant. However, a difference in neutron scattering lengths between La (8.24 fm) and Sr (7.02 fm) is not so large, 34 and thus we chose the latter as an optimal model for simplification.
In order to clarify an oxygen-deficit site and a local circumstance around the defect, we constructed four structure models with an oxygen vacancy, based on the "Line 1" structure mentioned above. Figure 7 shows the models after structure relaxations by first principle calculations. In the "Model 1" and "Model 2", the oxygens of the Ga-O-La and Ga-O-Sr bonds along with the c-axis are deficit, respectively. These oxygen sites are corresponding to the O2 site in the Rietveld analysis (Table 2) . On the other hand, "Model 3" and "Model 4" have an oxygen vacancy at the O1 site, i.e., within a plane composed of Ga and O, although the surroundings of the vacancies are slightly different. Here we emphasizes that there are no oxygen-deficit models other than these situations, in the case of the "Line 1"-based structure. Table 4 shows energies of these relaxed structure models. It was clearly found that "Model 3" and "Model 4" were more stable and had smaller . Finally, we compared G(r) simulated from the results of the first principle calculations (Model 14) with the experimentallyobserved G(r) of the acceptor-doped sample (Fig. 8) . From these spectra especially around 2.3, 6, and 9 ¡ emphasized by purple backgrounds, it was demonstrated that an oxygen vacancy in the material tends to exist at the same site as "Model 4". This result supports that the discussion on the local structure described above is meaningful, from the viewpoint of the experiment as well as the theoretical calculation.
Conclusions
LaSrGa 1¹x Mg x O 4¹D (x = 00.10) with the layered perovskite structure were synthesized by a conventional solid-state reaction, and the electrical conduction properties were studied by conductivity measurements. From the results, it was found that LaSrGa 1¹x Mg x O 4¹D had a single phase with up to x = 0.03 and the Mg-substituted samples exhibited higher conductivities than LaSrGaO 4 although the conductivities were lower than those of well-known LaGaO 3 -based materials. In order to discuss the conduction behaviors in more detail, we investigated a crystal structure of the LaSrGa 1¹x Mg x O 4¹D with the Rietveld and Pair Distribution Function (PDF) methods using neutron scattering data and first principle calculations. These analytical results indicated that the oxide ion diffused two-dimensionally through the oxygen vacancy in the perovskite layer and the oxygen vacancy tended to be localized at a specific site at least at room temperature. They also suggested that a large distortion around the defect and a large repulsive force between the oxygen vacancy and La 3+ deteriorated the ionic conduction property of the LaSrGa 1¹x Mg x O 4 . Electrochemistry, 81(6), 448453 (2013) 
